This paper describes the research on the development of a visualisation tool to generate 3D solid models of structures produced by micromachining using an excimer laser system. Currently, the development of part programs to achieve a desired microstructure is by a trial and error approach. This simulation tool assists designers and excimer machine programmers to produce microstructures using the excimer laser. Users can develop their microstructures and part programs with the assistance of digital prototypes rather than designing products using expensive laser micromachining equipment. The methods to simulate micromachining using the solid modelling package, SolidWorks TM , are described, and simulation and actual machined examples are reported. A basic knowledge of the solid modelling package is required to develop the simulations, and complex models take time to prepare, however, the development time can be minimised by working from previous simulations. The models developed can be parameterised so that families of designs can be investigated for little additional effort to optimise the design before committing to laser micromachining.
INTRODUCTION
This paper describes the research on the development of a visualisation tool to generate 3D solid models of structures produced by micromachining using the Exitech Limited Series 8000 excimer laser system. The simulation tool is to assist users in designing micromachined products without the need to prototype each design on the laser micromachining equipment [1] . In previous work, the visualisation of the excimer laser micromachining was done using the SolidWorks solids modelling package [2] . The micromachining was first defined in a program written in Visual Basic where the micromachined surface was modelled as a raster. This raster was imported into SolidWorks through an Application Program Interface. The raster generally needed to be composed of a large number of pixels to accurately model the micromachined surface and could take 2 -3 hours to import.
The current work modelled the laser cut directly within the solid modelling package. The solid model was then visualised in the package.
EXCIMER LASER MICROMACHINING
In excimer laser micromachining, the laser beam is projected through a mask to the workpiece to ablate the workpiece surface. The projected image of the mask on the workpiece surface is reduced in size depending on the lens used. The laser beam has been homogenised so that it has a uniform ablation rate over the area of the beam. The surface etch rate is dependent on the energy density of the laser at the workpiece surface and the material properties of the workpiece.
In operation, the laser beam remains fixed while the workpiece is translated in the x and y directions. The mask can also be independently translated and rotated. Where the projected mask image overlaps that of the previous laser pulse, then the overlapped area will be cut deeper into the workpiece. This is an important difference between laser machining and mechanical machining and requires different simulation methods to that for mechanical machining. The laser can be pulsed when the workpiece and mask are stationary (step and repeat mode) or moving (mask dragging). The laser pulse width is of such short duration (approximately 20 ns) that when the laser is pulsed while the workpiece is moving there is no observable change to the cut outline caused by the movement.
MODEL OF THE LASER ABLATION PROCESS
A simple model of the ablation process was used for the simulation. It was assumed that a uniform thickness of material was ablated with each laser pulse within the projected mask outline and that the edges of the cut were vertical.
In practice, however, the cut wall slopes at approximately 7°caused by diffraction of the laser beam by the workpiece material and will vary with depth when repeated cuts are made in the one position. Wall slope (draft) can be modelled in solid modelling packages but in the package used here the draft was projected from the original surface and was not applicable to this application.
SIMULATION USING SOLID MODELLING
The solid modelling package, SolidWorks 2001™, was used to simulate the laser micromachining. S olid models representing the micromachined structure can be relatively easily defined and visualised without the need to prototype the structure on an expensive laser micromachining tool.
The models were created by extruding or cutting from 2D sketched outlines on the modelled workpiece surface. Where a cut overlapped another, the cut was deeper in the overlapped region because in this area it was ablated with the second pulse. A simulation of two overlapping cuts through a square mask is shown in Figure 1 below. The models were parameterised so that families of models could be easily developed [ 3] . The parameters included mask shape and orientation, workpiece movement between pulses and the number of features in a pattern and their position. The package uses a history file to document the steps taken in defining a model. This history file enables the construction of the model to be retraced sequentially to show the affect of each laser pulse. This helps in understanding the results of each pulse in the model construction, which is often not apparent from the end result. The construction process can be modified at each step in the history file as required.
The model development was a staged process built up from a workpiece extrusion, mask sketch, laser path sketch and the cut extrusions. The number of cuts to be defined can be reduced by using patterns though care must be taken to ensure that the cuts in a pattern do not overlap. Where the cuts overlap in a pattern the material in the overlap region is not cut to a lower depth as shown in Figure 1 and consequently is incorrectly modelled. There are a number of different patterning techniques that are available within the package which include linear patterns on one or 2 axes, circular patterns and patterns on co-ordinates from either a sketch or a table.
A simulation is shown in Figure 2 where a square mask was stepped along a 'V' path.
Proc. of SPIE Vol. 4935 437 There are a total of 55 cuts for this model with 7 cuts per area (86% overlap).
SIMULATION EXAMPLES
Micromachined structures, which include a tapered nozzle, spiral loop structure [4] and a micromachined surface texture were simulated. Depth images of the micromachined tapered nozzle and spiral loop were measured using an Olympus OLS 1100 confocal laser-scanning microscope to compare with the simulations. Graphs of the depth along section lines on the micromachined structures were derived from these depth images.
For the simulations to be a practical tool they must be completed within a reasonable time. As a simulation is developed, each change requires a partial rebuild, and as the model becomes more complex, the rebuild times can become such that continued development of the model becomes impractical. During development, the rebuild times time can be minimised by:
• only modelling portions of the structure so that the number of pulses is reduced • suppressing features in the simulation until a final rebuild • using patterns to replicate cuts -see later discussion
• restarting SolidWorks at regular intervals.
With a Celeron 366 laptop computer with 256 Mbytes of memory, the rebuild time to simulate 25 cuts was approximately 15 minutes for the spiral loop structure example. Consequently, during this simulation, features were suppressed until the final rebuild. The increase in rebuild time with increase in cuts tends toward exponential at this number of cuts. The rebuild time can be reduced by an order of magnitude when cuts can be replicated using patterns.
Different strategies can be adopted in modelling different types of micromachined structures to minimise the number of cuts to be modelled. For example, the tapered nozzle was micromachined in a 'step and repeat' mode where the workpiece was stepped to a new position before the laser was pulsed. In the tapered nozzle structure, a rectangular mask was rotated in a circle with 20 laser pulses at 13 discrete angular positions making a total of 260 laser pulses. The modeller chose to simulate this by making one cut at each angular position but 20 times as deep. The entire simulation then required 13 discrete pulses, which was easily modelled in SolidWorks.
The spiral loop structure was micromachined in a 'mask dragging' mode where the laser was pulsed continuously while the workpiece and the mask were moving so that each laser pulse was at a different location on the workpiece. The spiral loop was micromachined, by rotating a rectangular mask while simultaneously translated it in the x direction. The laser repetition rate was 50 Hz giving 909 pulses per mask revolution. The resulting cuts were close enough to appear as a smooth surface rather than the discrete cuts in the tapered nozzle example. The structure was simulated using a much smaller number of pulses per revolution (24) to indicate the shape of the micromachining.
MICROMACHINED TAPERED NOZZLE
The tapered nozzle [4] was micromachined using a rectangular mask rotated to 13 angular positions. The rectangular mask was 4.15 mm by 1.33 mm and was projected onto the workpiece with a 10 times reduction factor. The mask was rotated about a point on the long axis of the rectangle, 1/3 of the length from one end. The simulated solid model for this micromachined structure is shown in Figure 5 . The depth of cut was exaggerated in the simulation to assist in visualising the micromachining. The detail of simulated pulses to the side of the central hole shows the result of the overlapping images. This fine structure detail is smoothed out in the actual micromachining process. This smoothing would result from the wall angle of the cut and the laser losing focus with increase in the depth of the structure (the laser focus is ± 20 µ m ). However, the overall shape of the simulation characterises the structure well.
The micromachined structure was scanned with an Olympus OLS 1100 confocal laser-scanning microscope and t he depth image is shown in the Figure 6 . The plan view of the simulation is overlaid on the depth image in Figure 6 and was rotated and scaled to give a good visual fit to the outer features. The simulation follows closely the micromachined structure. The central hole is slightly smaller than the simulation, which would be caused by sloping sides to laser cuts. The bottom of the hole has a small offset from the centre, which may have been due to the slight tilt in the workpiece.
The depth along section line 1, Figure 6 , approximately through the centre of the structure is graphed in Figure 7 . The corresponding section through the simulation is shown offset to the right in Figure 7 . across the graph to compensate for the slight tilt in the workpiece. The confocal microscope depth measurements were very noisy on the steep side-walls but relatively smooth elsewhere.
The simulation appeared to model the structure well. The deepest part in the centre was measured to be approximately There was a reduction in the etch rate in the nozzle due to optical effects. This structure was relatively easy to model because of the limited number of cuts.
MICROMACHINED SPIRAL LOOP
The micromachined spiral loop structure [4] was produced by pulsing the laser at a fixed rate while uniformly rotating the mask about a point 1/3 the way along the long axis of the rectangle, Figure 3 , and translating the workpiece in the x direction. This formed the repeating spiral loop pattern along a line shown in the Figure 8 The laser was pulsed at 50 Hz, which was every 0.396 degrees of revolution of the mask (909 pulses/revolution). This high number of pulses per revolution resulted in a smooth micromachined surface as seen in the Figure 8 . This particular structure only occurs at this relationship between the angular rotation, the translation velocity and the length of the mask.
section line 1 The main characteristics of the structure are shown in Figure 8 and include:
• the regular arrangement of holes along the x axis of translation produced by the overlap of pulses • the lower arc that links each hole to the next formed by the longer arm of the rectangular mask sweeping backwards with respect to the translation direction.
• the upper arc that links every second hole again formed by the longer arm of the rectangular mask but sweeping forward with respect to the translation direction.
• the upper intermediate arc that links each hole to the next formed by the short arm of the rectangular mask sweeping forward.
The simulation shown in Figure 9 was generated by stepping the mask through fixed angular increment while simultaneously translating the mask rotation point a fixed increment along the x-axis. The ratio between these parameters was set to satisfy those of the micromachined structure. The number of laser pulses/revolution in the micromachined structure was considerably more than could be modelled in a simulation. Consequently, the simulation was modelled using a much smaller number of cuts to characterise the micromachined structure. There were 35 pulses for the portion of the structure simulated in Figure 9 . Additional cuts need to be added at each end of the sequence to properly complete the holes but the number of cuts was near the practical limit for this simulation which was completed by 'suppressing' a large number of the cuts until the final rebuild.
The micromachined structure was measured with the confocal laser-scanning microscope. The depth along a vertical section line , Figure 8 , located equidistant between two adjacent holes is graphed in Figure 10 .
The micromachined depth section in Figure 10 is shown overlaying the corresponding section through the simulation. As with the tapered nozzle structure, the simulation section was adjusted to give the best fit to the measured depth section first by fitting the width of the section and then the depth but with more weight to the upper levels. The simulation corresponded well with the actual structure even though it was represented with a relatively small number of cuts. Figure 10 Depth section of the spiral loop structure overlaid on the simulated section.
MICROMACHINED SURFACE TEXTURE
The surface texture example shown in Figure 11 was produced with a mask consisting of a line of triangles perpendicular to the workpiece direction of motion to form parallel channels. The workpiece was then rotated 90° and again translated in the same direction overlapping the first channels to create the pyramidal surface texture. The first part of the simulation was of a mask consisting of two triangles in a line perpendicular to the direction of movement of the work piece to generate two 'V' channels shown in Figure 12 . There are 30 mask positions shown in Figure 12 with 10 pulses per area (90% overlap). The simulated workpiece was then rotated through 90° so that the next sequence of cuts were orthogonal to the first to form the pyramidal surface texture shown in Figure 13 . One complete pyramid can be seen in the centre of the diagram.
This surface finish is similar to knurling 2 by conventional machining which is formed by cutting two sets of orthogonal channels in a surface. However, with laser micromachining where the 'V' channels overlap, the surface is cut deeper than the original channel depth and this is shown in the above simulation, Figure 13 , and in micromachined surface texture, Figure 11 .
Another view of the simulation is given in Figure 14 . This figure has been sectioned through the channels to show the central pyramid. Figure 14 Simulation of surface texture generated by overlap of orthogonal cuts using triangular masks.
CONCLUSIONS
The solid modelling package, SolidWorks TM was used to simulate excimer laser micromachining. The simulated model was then directly visualised in the package. The work showed that solid modelling packages could be used to simulate laser micromachining using a simple model for laser ablation. The simulations provide a good understanding of the process through visualisation of a model, and through the ability to section a model and the ability to step through the development of the simulation.
A basic knowledge of the solid modelling package is required to do the simulations. Complex simulations may take days to develop, however, the simulations can be parameterised so that families of designs can be investigated without redevelopment. This enables the design to be optimised before committing to laser micromachining. Also, the time to develop simulations can be minimised by working from previously developed simulations.
The speed to regenerate the models within the solid modelling package limits the complexity of the models that can be developed. The speed of regeneration can sometimes be overcome by simulating only small parts of the micromachining. For example, in the design of channels, often only a small segment of the channel needs to be simulated in order to appreciate the effect over larger areas.
Where a structure was micromachined through stepping the mask position then firing the laser to produce a sequence of discrete cuts, the simulations were relatively easy to develop because there was a limited number of pulses to model.
Where the laser was continuously fired, while the mask was simultaneously translated, the pulses may be so close as to produce a smoother surface. The number of pulses is then very high and this can only be approximated by the simulation.
